A mechanistic model that considers particle dynamics and their effects on surface dust, and interior surfaces. This model can be easily extended to incorporate additional indoor source materials/products, sorption surfaces, particle sources, and room spaces. It can also be modified to predict the fate and transport of other SVOCs, such as phthalate-alternative plasticizers, flame retardants, and biocides, and serves to improve our understanding of human exposure to SVOCs in indoor environments.
| INTRODUC TI ON
Phthalates, which have long been used as plasticizers to enhance the flexibility of rigid polyvinyl chloride (PVC) products, are extensively applied in a wide range of consumer products such as flooring, wall covering, artificial leather, children's products, electrical cable insulation, furniture, and car interior trim. [1] [2] [3] [4] [5] [6] [7] In these products, phthalates account for a percentage to tens of percentages of the material weight. 3, 5, 8, 9 Slow emission of phthalates from source materials usually occurs because they are not chemically bound to the polymer matrix. Due to their low volatility, the emitted phthalates tend to sorb strongly to interior surfaces and indoor particles. As a result, phthalates have become ubiquitous in indoor environments. 2, Recent reviews on the health effects of phthalates suggest that exposure to phthalates may result in profound and irreversible changes in the male reproductive system, [40] [41] [42] [43] increase prenatal mortality, and is related to asthma, allergies, and airway diseases in children. 28, [44] [45] [46] [47] [48] The use of phthalates in PVC products is changing rapidly, with manufacturers substituting high molecular weight phthalates for those with low molecular weight and using phthalate alternatives. 1, 7 Given that these alternatives share properties similar to those of phthalates, similar environmental fates can be expected. Xu et al's model 54, 55 by incorporating various indoor particle sources and found significant influence of aerosol particles on the accumulation of airborne DEHP concentrations. In addition to these dynamic models that predict indoor SVOC concentrations as a function of time, simple steady-state models 8, 57 have also been developed based on the equilibrium partition relationship of SVOCs among different environmental media, which enables rapid screening-level assessments of human exposures to indoor SVOCs.
The interaction between gas-phase SVOCs and the organic constituents of airborne particles is an important consideration in the fate and transport of indoor SVOCs. In most of the models mentioned above, [50] [51] [52] [53] [54] [55] [56] an instantaneous equilibrium relationship between gas and particle phases is adopted, which assumes that the gasparticle sorption and desorption kinetics are sufficiently rapid. 8, [58] [59] [60] However, the mass transfer resistance between the gas and particle phases and the diffusion within particles may prevent sorption equilibrium from being reached. Recent studies 61, 62 have found that the assumption of an instantaneous equilibrium is appropriate for relatively volatile SVOC species and is greatly influenced by the indoor residence time and size of the airborne particles. Liu et al 61 showed that for DEHP and particles 2.5 μm in diameter, the assumption of an instantaneous gas/particle equilibrium can cause errors of two orders of magnitude in estimating the indoor gas-phase DEHP concentration. In addition, some of the early models assumed constant mass concentrations of indoor particles, [50] [51] [52] [53] [54] [55] 57 which may not hold true when predicting total airborne concentrations of indoor SVOCs. This is because indoor particle mass concentrations are closely related to the changing outdoor environment and particle-phase SVOCs contribute greatly to airborne SVOC concentrations. 56 Recently, Shi and Zhao 63,64 incorporated sorption kinetics and particle penetration into mass transfer-based models and studied potential human exposures to polycyclic aromatic hydrocarbons (PAHs) and DEHP. Guo 65, 66 has also proposed a framework for modeling unsteady-state concentrations of SVOCs indoors, which complements and supplements some of the existing SVOC indoor fate models.
When particle deposition occurs on indoor source/sink surfaces, the interaction of SVOCs among the surface, particle, and gas-phases
Practical implications
• A mechanistic model was developed to predict the fate and transport of phthalates in indoor environments and was evaluated via field measurements.
• The model can be easily extended to incorporate additional indoor source materials/products, sorption surfaces, and particle sources.
• The model can be modified to predict the fate and transport of other indoor SVOCs, such as alternative plasticizers, flame retardants, and biocides.
• The model can also serve to improve our understanding of human exposure to SVOCs in indoor environments.
might be oversimplified in existing models, in which the SVOC concentration in deposited particles is assumed to be unchanging and is partitioned only with the gas-phase in indoor air. However, particle deposition on indoor surfaces may cause the mass of SVOCs to be redistributed among the particle, surface, and gas-phases at the interface between the air and surfaces. As a result, the SVOC concentration in particles deposited on surfaces, the concentration of the gas layer adjacent to these surfaces, and the surface SVOC concentrations may all change, which would significantly influence the rate of SVOC emission from and sorption onto the surfaces.
Recent chamber and field studies 3, [67] [68] [69] [70] have observed the significant transport of phthalates from PVC products to the dust deposited onto product surfaces. These results indicated that the emission rate of PVC products (ie, SVOC flux between air and indoor source surfaces) is greatly enhanced in the presence of deposited particles.
The uptake of SVOCs on interior surfaces occurs primarily via indoor air in two processes: kinetically limited gaseous sorption and particle-bound deposition. On upward-facing horizontal surfaces, both processes may contribute significantly to the surface concentration of SVOCs and, with time, particle-bound deposition is expected to contribute progressively more. 71 However, the contribution of particle-bound deposition has been ignored in some of the existing models, which may have resulted in underestimation of the accumulation of SVOCs on indoor sink surfaces. Although its contribution was considered in some fugacity-based models, 50-53 constant dust loadings on different interior surfaces were usually assumed.
This may result in inaccurate predictions of the surface SVOC concentrations, because dust loadings are subject to significant variation due to particle accumulation over time and routine cleaning activities. Additionally, for porous materials such as carpet, not only can gas-phase SVOCs diffuse into the material and sorb there, but also the particle-phase SVOCs can penetrate into these materials, remain there, and influence gas diffusion and gas/material partitioning in the porous material. Over time, these processes can estab- Only a few 50, 51, 53 have applied and evaluated their models in actual indoor environments.
To address these challenges, this research will provide a mechanistic understanding of the interaction of SVOCs, particularly phthalates, among gas, particle and surface phases, when particle deposition happens on the surface, and incorporate the mechanisms 
Redistribution of SVOCs among gas, particle, and surface phases at the interface light on the mass transfer of indoor SVOCs among gas, particles, and surfaces with integration of indoor particle dynamics.
| ME THODS AND MATERIAL S

| Model description
The general indoor residential fate model of phthalate plasticizers is a dynamic mass balance model. Figure 1A shows a schematic in which gas-phase phthalates are emitted from vinyl flooring (or other indoor sources) in a residential indoor environment. The gas-phase phthalates are then adsorbed via partitioning mechanisms onto interior surfaces, including walls, ceilings, wood floors, furniture, windows, tiles, ceramic fixtures, and particles. Particle deposition or resuspension occurs on these surfaces and causes the redistribution of the mass of phthalates in particle, surface, and gas-phases at the interface between the air and surface. For porous materials (eg, carpet), gas-phase diffusion and particle penetration may occur within the material, and, over time, phthalate reservoirs can be established due to gas sorption to the material and to the dust within the material. In addition, airborne phthalates are transported between indoor and outdoor environments via air and particle exchange.
The change in the concentration of indoor airborne phthalates is determined by the addition of airborne phthalates through emissions from indoor sources, the release of resuspended particles, and desorption from interior surfaces, and by their removal via ventilation, particle deposition, dust removal, and sorption to indoor surfaces. where TSP in (μg/m 3 ) is the mass concentration of outdoor suspended particles, P p (unitless) is the size-specific particle penetration factor, and S (μg/h) is the generation rate of particles from indoor sources.
The mass loading of settled dust on source or non-source surfaces is controlled by particle deposition to and resuspension from the surfaces, which can be expressed as follows:
when particle deposition occurs on source surfaces, the emission rate of SVOCs from the source can be greatly enhanced. In addition to the mass transfer due to the concentration gradient within the boundary layer, the amount of SVOCs sorbed onto the deposited particles cannot be ignored. Bi and Xu 72 conducted chamber studies to measure the transfer of phthalates from vinyl flooring to settled dust. Their results show that, for typical indoor dust-loading levels, the sorption equilibrium of some phthalates can be reached within several days. To simplify the model, we therefore assumed that a linear equilibrium relationship exists between the deposited particles and the gas layer adjacent to the source surface. As such, the where C ns (μg/m 2 ) is the concentration of phthalates on non-source surfaces due to gaseous adsorption, and the sum of C ns and M ns P dust,ns represents the total concentration of phthalates on the surface due to both gaseous and particle-bound deposition. Within the boundary layer, we assume the following linear partition relationships among the gas, surface, and dust:
where K ns (m) is the sorption partition coefficient between the gas and surfaces. The value of K ns on a specific surface was assumed to be constant in this study, although it may change due to absorption of various SVOCs and development of an organic film on the surface.
71 Figure 1C shows a schematic of the SVOC accumulation process for porous materials such as carpet. Multi-phase models have been developed to describe the transfer of volatile organic compounds (VOCs) in porous building materials, which consist of voids (pores) and solid parts. [73] [74] [75] Similar to those models, we assumed that the gas-phase diffusion of SVOCs through pores dominates and ignores the diffusion of the adsorbed SVOCs through the solid parts. We also assumed there to be linear adsorption equilibrium relationships between gas-phase SVOCs and their adsorbed phases (ie, deposited particles and solid parts of the material). where C g (μg/m 3 ) is the gas-phase phthalate concentration in the porous material as a function of both time and material depth, ε is the porosity of the material, K ns is the partition coefficient of phthalates between the gas and adsorbed phases on the solid parts of the material (eg, fibers for carpets), x is the depth from the surface of the material, D a (m 2 /h) is the diffusion coefficient of phthalates in the air, and L is the thickness of the material. m x (μg/m 3 ) is the dust mass concentration at depth x, and its integration through the thickness of the material represents the total dust loading in the material.
Because carpet often acts as a major reservoir for collection and retention of particulate pollutants, we use it as an example of a porous material when applying the model. The dust mass concentration was assumed to be inversely related to the distance from the primary backing of the carpet, 76 with a vertical distribution of
= 1∕e x . Resuspension of particles from the porous surface occurs on the top layer mass of dust.
The general fate and transport model for phthalates, including consideration of the particle dynamics and their effects on emission and sorption surfaces, is obtained by combining Equations 1 through 9. All the gas/surface interactions are fully reversible and include both equilibrium and kinetic mechanisms. The model can be easily extended to incorporate additional indoor source materials/products, sorption surfaces, particle sources, and room spaces.
| Case study in a test house
We conducted a case study in a test house located at the University temperatures, 67 we set the test house to be conditioned at a controlled indoor temperature of 21 ± 0.8°C for about 6 months prior to performing our measurements. Then, we performed measurements in the living room and two bedrooms at the controlled temperature All the model parameters, either directly measured or estimated based on findings in the literature, were listed in Table 1 as baseline values. For the emission of BBzP from the vinyl flooring, we measured the governing parameter-the gas-phase concentration in equilibrium with the material phase (y 0 )-using the rapid chamber method described in our previous work. 5, 77 We obtained the b Measured using a specially designed chamber in the laboratory.
5,77
c Read from Supporting information Figure S6 in Ref. (0 μg/m 3 ), using a tapered element oscillating microbalance (TEOM), and ignored outdoor particle infiltration and indoor particle sources in this case study. Size-dependent particle deposition velocities and resuspension rates were obtained from the literature. 63, 81 Particle depositions onto downward-facing horizontal surfaces and vertical surfaces were neglected, as they were expected to occur at rates orders of magnitude slower than those onto upward-facing horizontal surfaces. 82 Since there is no carpet in the test house, we also neglected porous material when applying the model.
| Sensitivity and uncertainty analysis
Because the model parameters may contain considerable uncertainties, we performed a sensitivity analysis to identify the critical model variables affecting the fate and transport of BBzP in the test house.
To do so, we calculated the steady-state BBzP concentrations in indoor air and settled dust and on interior surfaces. We determined the sensitivity of the model variables by computing the percent change in these concentrations per unit increase of an input variable.
A range was then defined for each of the identified critical model parameters, based on the data collected in the test house or obtained from the literature (Table 1) . Next, Monte Carlo analysis was applied to estimate the degree of uncertainty in model prediction due to the variability of the input parameter values. We assumed uniform distributions for each of the parameters because of the relative paucity of available data, although this may overestimate the uncertainty.
We randomly sampled each variable from their distribution function and used a set of model variables to calculate the concentrations.
The analysis consisted of 1000 such computations, which we used to obtain the uncertainty associated with the model predictions of the changes in the dynamic BBzP concentration over time in different environmental media.
| Model application
As an example of model application and to identify factors that may influence the fate and transport of indoor phthalates, next, we applied the model to a typical American residential home. For this application, we selected DEHP as the target compound due to its widespread usage, ubiquitous pollution in indoor environments, and adverse health effects. Although many indoor source materials and products can be incorporated, vinyl flooring was considered as the only major source of DEHP in the model, because its emission characteristics have been comprehensively investigated in our previous studies. 5, 77, 83 In addition to walls, ceilings, furniture, and windows, other sorption surfaces such as carpet (a porous surface), wood floors, tiles, and ceramic fixtures were also included. The interior surface areas of the furnishings and materials were estimated using typical surface-to-volume ratios for American houses. 84 The sorption isotherms for DEHP on different interior surfaces, including dust and particles, were estimated based on the physicochemical properties of DEHP. Supporting information Table S1 lists the values of all the model input parameters (Table and Figure 
| RE SULTS AND D ISCUSS I ON
| Case study in the test house
The model was used to estimate the emission and transport of BBzP after the installation of vinyl flooring in the test house. As shown in Figure 2A , the predicted total airborne concentration of BBzP reached steady state within about 2 months to a level of 145 ng/m 3 .
We assumed that a steady state had been reached during the measurements because the test house had been conditioned at a controlled temperature of 21°C for about 6 months prior to performing the measurements and the change in the measured air concentra- Once the indoor air concentrations of phthalates reach a steady state, the phthalate levels on interior surfaces are expected to evolve over time and finally achieve sorption equilibrium. We determined the timescale required for sorption equilibrium to be reached between interior surfaces (ie, plate and mirror) and 
| Sensitivity and uncertainty analyses
Supporting information Table S2 shows the results of the sensitiv- Non-floor dust (µg/g) the particle/gas partition coefficient (K p ) increases the sorption of BBzP onto particles, whereas it reduces the gas-phase BBzP concentration. Due to the important role of particle deposition, the increased BBzP concentration in particles increased the BBzP levels in non-floor dust and horizontal upward-facing non-source surfaces. For vertical non-source surfaces, in the absence of particles, the surface concentration decreased with decreasing gas concentration. The total airborne concentration changed only slightly, mainly depending on the competition between the extent of the increase in the particle-phase concentration and the decrease in the gas-phase concentration. Increasing the mass transfer coefficient (h m ) increases the emission rate and significantly increases the total airborne concentration, as well as the BBzP levels in other environmental media. Although increasing the ventilation rate reduced BBzP concentrations, it should be noticed that the analysis assumed an increase in ACH alone, without increasing the mass transfer coefficient, which would tend to increase with increased ventilation.
Next, we calculated the uncertainties associated with the model predictions. The dashed lines in Figure 2 show the possible maximum and minimum BBzP concentrations predicted by the model. Overall, the measured data fall within the calculated uncertainty range. The large uncertainties are due to the wide ranges of the model parameters. For example, there is a two-order-ofmagnitude difference for the BBzP dust/gas partition coefficient (K dust ) available in the literature (Table 1 ). Since K dust has an important effect on BBzP concentrations in dust and on horizontal surfaces (Supporting information Table S2 ), this wide parameter range generates high variability in model predictions. Similarly, the wide range of the mass transfer coefficient (Table 1) 
| Model application
For the baseline conditions (Supporting information Table S1), Figure 3 shows the calculated DEHP concentrations in indoor air and household dust, in which the dashed lines indicate daily concentrations and the solid lines indicate average concentrations during the time between regular cleaning activities (ie, one week for the baseline conditions). We found that the indoor air DEHP concentration was not greatly influenced by cleaning activities and the total airborne concentration at steady state was about 0.14 μg/m 3 . As shown in Figure 3A , this value falls in the range of data measured within residential homes in recent decades, although it should be emphasized that vinyl flooring is the only source of DEHP considered here. At steady state, the gas-phase concentration of DEHP (~0.08 μg/m 3 ) is higher than that in the particle phase (~0.06 μg/m 3 ). This is partly due to the relatively low mass concentration TSP, which we calculated to be about 4 μg/m 3 at steady state for the baseline conditions (Supporting information Table S1 ). The value of particlephase DEHP concentration also suggests that gas/particle sorption equilibrium was not reached, which is mainly due to the short residence time of suspended particles indoors. ). This is mainly due to the low indoor TSP levels, especially for particles greater than 2.5 μm, resulted from low outdoor particle concentrations at the baseline conditions and our neglect of tracked-in soil particles and indoor particle sources (eg, skin flakes, cloth fibers, and wear particles).
We compared the calculated DEHP concentrations in gas, particle, and surface phases with the concentrations predicted by previous models. 53, 54, 61, 64 The models of both Shin et al 53 and Xu et al 54 assumed an instant equilibrium between the gas and particle phases, which may result in a lower gas-phase DEHP concentration compared to predictions by other models, as shown in Supporting information Figure S2a . The higher predicted gas-phase concentration observed using the model by Shin et al 53 is due to the significantly lower gas/particle partition coefficient. Shin et al 53 used the same gas/particle partition coefficient for suspended particles and settled dust, with a value of 0.02 m 3 /μg, which is an order of magnitude lower than that used in other models (0.207 m 3 /μg). Interestingly, despite the differences in these models, the predicted total airborne concentrations of DEHP were similar (Supporting information Figure   S2b ). For surface concentrations, since the models of Xu et al, 54 Liu et al, 56 and Shi and Zhao 64 did not consider the contribution of dust-phase DEHP to indoor surfaces, their predicted surface DEHP concentrations were significantly lower than that predicted by the present model (Supporting information Figure S2c ). In their model, Shin et al 53 included settled dust but assumed a constant dust loading, which resulted in different predictions between their model and the current model.
Next, we investigated the effects of environmental factors and human activities on the fate and transport of indoor phthalates.
We calculated the indoor TSP concentration using the model, and found the levels in Beijing, China (24 μg/m 3 at steady state), to be much higher than those in urban areas in the United States (4 μg/ m 3 at steady state) due to Beijing's high outdoor mass concentration of PM 2.5 , which can effectively penetrate indoors (Supporting information Table S1 ). As shown in Figure 4A , the high TSP level in Gaining a better understanding of SVOCs on interior surfaces will improve our ability to estimate the dermal uptake of these compounds via contact and to mitigate undesirable exposures. 71 The accumulation of SVOCs on indoor surfaces occurs primarily from indoor air via kinetically limited gaseous sorption and particle-bound deposition. It is essential that we identify the process primarily responsible for surface uptake to enable clear understanding of the role of indoor surfaces in the fate and transport of SVOCs and an accurate determination of the environmental conditions that may influence their uptake. To apply the model, we adjusted the partition coefficients between the gas and interior surfaces, including particles and dust, using the correlations developed based on the K oa value and vapor pressure of SVOCs. 54, 55 We assumed a constant indoor TSP concentration of 20 μg/m 3 , which is typical in residential environments, and excluded cleaning activities. 71, 94 Supporting information Table S3 lists the model input parameters. Figure S4 . These results suggest that the relative contribution of gaseous sorption and particle-bound deposition to the surface concentration of SVOCs depends on the K oa value of the compound, the surface properties, time, and cleaning activities. Organic films have been found to develop rapidly on impervious indoor surfaces through partitioning of gas-phase compounds from air to the film and enhanced dry deposition of airborne particles. 95, 96 The dynamics of film formation due to sorption of gas-phase SVOCs has been elucidated in a recent conceptual model. 71 The present model may enable further investigations on the contribution of particles to the growth of organic films on indoor surfaces.
| CON CLUS IONS
In this study, to predict the fate and transport of phthalates in indoor environments, we developed a mechanistic model that con- Overall, the model clarifies the mechanisms that govern the emission of phthalates and the subsequent interactions among air, suspended particles, settled dust, and interior surfaces. This model can be easily extended to incorporate additional indoor source materials/products, sorption surfaces, particle sources, and room spaces. It can also be modified to predict the fate and transport of other SVOCs, such as phthalate-alternative plasticizers, flame retardants, and biocides, and it serves to improve our understanding of human exposure to SVOCs in indoor environments. Contribution of gas sorption and particle-bound deposition to total SVOC concentration in carpet 
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